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of MDR-TB and extensively drug-resistant TB (XDR-TB) where the success rate of treatment on MDR-TB was reported to be low (55% globally) with 8.5% of the estimated MDR-TB cases due to XDR-TB. [1] For the record, MDR-TB is caused by M. tuberculosis complex (MTBC) which developed resistance toward isoniazid (INH) and rifampicin (RIF), whereas XDR-TB is caused by MTBC-resistant against INH, RIF, fluoroquinolones, and one of the injectable second-line anti-TB drugs such as amikacin (AMK), capreomycin (CAP), and kanamycin (KAN). [2] In general, Mycobacterium spp. acquire drug-resistant phenotypes following mutation on certain genes. So far, up to 42 genes within strains of M. tuberculosis have been identified to be highly linked to resistance toward 15 anti-TB drugs. The gold standard method which involves culturing the bacteria on Löwenstein-Jensen (LJ) medium followed by biochemical drug susceptibility testing (DST) on the same medium could take up to 2 months for the final report to be released by the laboratory. [4] Application of PCR-based molecular DST kits like the GeneXpert (Cepheid Inc., USA), MTBDRplus and MTBDRsl (Hain Lifescience, Denmark), INNO-LiPA RifTB (Innogenetics, Belgium) and AID TB Resistance (AID Diagnostika, Denmark) which detect the presence of the pathogen, as well as testing for resistance to a few anti-TB drugs managed to reduce the analysis turnaround time to two or four days. [4] Even so, most of the available PCR-based molecular DST kits determine the resistance pattern of the pathogen based on a few selected mutations at rpoB, katG, inhA, gyrA, rrs, embB, and rpsL genes, a mere seven of 42 genes that were found to be highly linked to drug resistance. This would pose the risk of having false-negative results on the resistant strains which in return lead to the prescription of hepatotoxic drugs such as INH and pyrazinamide (PZA) to patients with little or no benefit at all. Therefore, there are practically no rapid methods that can accurately identify drug-resistant MTB for clinical use. Perhaps, one of the effective approaches to control the emergence of MDR-TB cases is to profile and document the genomic structures of the MTB and avoid the emergence of resistant cases through high-throughput sequencing approach to profile the drug-resistance patterns of the pathogen.
Whole-genome sequencing (WGS) analysis is able to provide deep resolution molecular epidemiological data which not only accurately identify the pathogen that caused TB but also all the possible mutations that confer the drug resistance. In 2016, a study done by Wellcome Trust/University of Oxford (and collaborators) has not only proven that WGS can be integrated into the routine TB diagnostic workflows, but also the data regarding the pathogen identity and its drug-resistance patterns can be generated within 9 days (compared to 2 months using the conventional workflow) and at cheaper (if not similar) price than the current workflow. [5] In Malaysia, genome-based TB studies are still lacking as most of the molecular studies used previously were PCR-based tools. Several studies on the genomes of local isolates of M. tuberculosis had been published; [6] [7] [8] [9] however, most of the studies only focused on a single genome which limited the epidemiological quality of the data.
Methods
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Mycobacterium tuberculosis complex isolates
A total of 24 MTBC isolates were collected from a total of 24 TB patients in 2017. Nineteen isolates were cultured from pulmonary (sputum) and five from extrapulmonary (pus) clinical specimens. Patients' identities were kept confidential. All specimens were cultured on solid LJ medium and MGIT 960 system media according to the manufacturer's instructions (Becton Dickinson, Sparks, MD, USA).
Phenotypic drug susceptibility testing
MTBC isolates that were successfully grown on the LJ medium were tested against anti-TB drugs using automated liquid method based on absolute concentration method or proportion method (BACTEC MGIT 960 TB detection system). [10, 11] The drugs tested were streptomycin (STM), INH, RIF, ethambutol (EMB), PZA, AMK, CAP, KAN, ofloxacin (OFX), and moxifloxacin (MXF). However, phenotypic DST testing against PZA, AMK, CAP, KAN, OFX, and MXF was only done on isolates that were resistant toward STM, INH, RIF, and EMB. M. tuberculosis H37R a strain was used as the internal control. The concentrations of the drugs used in both methods were as prescribed in the standard WHO guideline of drug sensitivity test for MTBC. [12] Genomic DNA extraction Suspensions of MTBC isolates were prepared by inoculating the colonies of the respective MTBC isolates from the LJ culture with 500 µL of 10-mM Tris-HCl buffer (pH 8.0). The The MTBC suspensions were deactivated by incubation at 95°C for 10 min. Next, extraction and purification of genomic DNA of each MTBC isolates were done using an in-house modified chloroform extraction method. Quantification and quality assessment of each purified DNA were performed using Qubit fluorometer with hsDNA Assay Kit (Thermo Fisher Scientific), NanoDrop 2000c spectrophotometry (Thermo Fisher Scientific), and agarose gel electrophoresis. MTBC genomic DNA samples with the purity of 1.8-2.0 (OD 260/280 ) and 2.0-2.2 (OD 260/230 ) at concentration >50 ng/µL were used for the subsequent WGS.
Whole-genome sequencing, assembly, and annotation of the Mycobacterium tuberculosis complex genomes
The genomes of the 24 MTBC isolates were sequenced using Illumina Miseq genome sequencer with a 2 × 250 pairedend sequencing strategy. Libraries of 150-bp paired-end samples were prepared using Nextera XT DNA Sample Preparation Kit (Illumina, USA), according to the manufacturer's protocol. The quality of the.fastq files was assessed using the FastQC software followed by removal of adaptor sequences and trimming of reads with Phred score below Q30 using the Cutadapt software. [13, 14] De novo genome assemblies were done using the Velvet assembler together with the VelvetOptimiser tool. [15, 16] Resulting contigs were mapped and sorted against the M. tuberculosis H37Rv (GenBank accession number: NC_000962) genome as reference using the Mauve software. [17] In silico gap filling was done using the Medusa. All the assembled draft genomes were submitted to the Rapid Annotation using Subsystem Technology (RAST) server for genome annotation. [18, 19] Trimmed.fastq files of each MTBC isolates were submitted to TB Profiler and PhyResSE annotation servers to detect their spoligotypes and SNPs associated with resistance toward INH, RIF, EMB, STM, PZA, and fluoroquinolones (FLQ). [20, 21] Using the spoligotype profile of each MTBC, a neighbor-joining (N-J) phylogenetic tree was constructed against 85 references Mycobacterium spp. strains [ Figure 1 ] using a web-based tool available at www.miru-vntrplus.org. [22] Haplotype of drug-resistant MTBC was analyzed using Snippy, a variant calling software (https://github.com/tseemann/snippy).
results
Mycobacterium tuberculosis complex isolates
The phenotypic DST tests showed that 10 of the 24 MTBC isolates were pan-susceptible isolates, whereas the rest were at least resistant toward RIF. Detailed information on the drug-resistance profiles of each MTBC from the phenotypic DST assays is summarized in Table 1 .
Genomic properties, lineages, and phylogeny of each Mycobacterium tuberculosis complex genome
Overall, the sizes of the assembled draft genomes range between 4.2 and 4.35 Mbp with an average genome completion of 97% and a sequencing coverage of 107X (ranging from 61X to 159X). Based on the TB Profiler, 23 MTBC isolates were M. tuberculosis and 1 was Mycobacterium bovis. In terms of lineage, 11 (45.8%) isolates belong to the Indo-Oceanic lineage, eight (33.3%) were East-Asian lineage, three (12.5%) were East-African-Indian lineage, and the remaining one (4.2%) was of Euro-American and Bovis lineages, respectively. The distribution of lineages and drug-resistance profiles of each MTBC isolate is shown in Table 2 . In addition, phylogenetic analysis revealed that the 24 MTBC isolates were clustered into 5 main groups involving 12 strains of Mycobacterium spp., as listed in Table 3 and illustrated in Figure 1 .
Predicted drug resistance and concordance with drug susceptibility testing
The drug-resistance patterns of the MTBC isolates which were predicted using TB Profiler and PhyResSE were compared against the results of phenotypic DST, as summarized in Table 4 . Overall, there were a few discrepancies of MTB sensitivities toward the drugs. For INH, 11 of the 24 isolates were predicted to be resistant compared to 12 using the phenotypic DST. For RIF, 13 of the isolates were predicted to be resistant compared to 14 when using phenotypic DST. As for EMB, 7 isolates were predicted to be resistant, whereas only 6 were found to be resistant by phenotypic DST. For STM, both next-generation sequencing (NGS) and phenotypic DST detected five of the isolates to be resistant. Overall, 26 single-nucleotide polymorphisms (SNPs) of the nine genes linked to drug-resistance traits were detected. However, allele kasA p.Gly312Ser was only detected by TB Profiler [ Table 5 ]. 
Common variants of Mycobacterium tuberculosis complex isolates with different drug-resistance profiles
Comparative genome analysis of the genomes of the MTBC isolates against the M. tuberculosis H37Rv reference revealed 7576 variants common to all of the MTBC isolates with 4195 of them being nonsynonymous variants. The effects of the nonsynonymous variants can be classified into seven classes, as listed in Table 5 . In addition, the study also identified a drug-resistant haplotype among the MTBC with drug-resistance phenotypes. The haplotype consists of 65 variants where they were found in 65 MTBC genes. The majority of the variants identified in the haplotype were involved in the PE-PRGS and PPE genes (24 genes) followed by those without any Clusters of Orthologous Groups classification (17 genes) and also hypothetical proteins (13 genes). The remaining common variants are found on the EspB, GlnA, PstP, PpsD, transcriptional regulator, and transmembrane protein genes, as summarized in Figure 2 .
The 65 variants that make up the drug-resistant haplotype were also cross-checked against theGenome-based Mycobacterium tuberculosis Variants database, hosted by Theodosius Dobzhansky Center for Genome Bioinformatics (St. Petersburg) for any unreported variant, which provides detailed information on M. tuberculosis genetic variations associated with phylogeographic distribution, drug resistance, and clinical outcome of TB. [23] Eleven of 65 variants were unique to this study, as listed in Table 6 .
dIscussIon
The motivation of the current study is to establish a preliminary knowledge base on the distribution of the types of MTBC isolates in Malaysia. Such knowledge base is important not only for epidemiological study for infection control purpose but also to assist in providing effective antibiotic therapy. Although the genotypic diversity of MTBC in Malaysia has been reported by Ismail et al. and by Dale et al. in 2014 and 1999 , respectively, these studies used conventional approaches which resulted in low-throughput finding. [24, 25] Moreover, it is worth mentioning that the combination of phenotypic and genotypic approaches as used in the present study could promote better insights into the drug-resistance profiles, informed therapeutic efforts, and clearer epidemiological picture of TB in Malaysia. For the purpose, this study involved WGS of 24 MTBC isolates which were isolated from patients diagnosed as TB in 2017. In addition, each isolate has also undergone in vitro DST assays to profile their resistance patterns against 10 drugs used in anti-TB therapy (STM, INH, RIF, EMB, PZA, CAP, AMK, KAN, OFX, and MXF). From the results of genome annotations using the RAST server, 23 of the 24 MTBC isolates were identified as strains of M. tuberculosis, whereas the remaining 1 isolate was identified as M. bovis. Both species of Mycobacterium were known to cause TB where M. tuberculosis is mostly associated with TB among humans, whereas M. bovis infection is more common among the bovines. However, zoonotic transmissions of M. bovis have been reported before, where transmission from cattle to humans was once common before the practice of routine pasteurization of cow milk. The symptoms of TB caused by these two Mycobacterium species almost resembled each other. In this study, M. bovis was isolated from a pus As for TB caused by M. tuberculosis infection, spoligotyping analysis done on the draft genomes revealed four lineages of M. tuberculosis -the East African-Indian (EAI), Beijing/East Asia (BEI), Delhi/Central Asia, and European/American strains. Such diversity is expected in Malaysia for its geographical feature which is the center of the Southeast Asian region and also its role as one of the main economic hubs of the region attracting immigrants from neighboring countries. Nonetheless, from the current study data, the EAI and BEI spoligotypes showed predominance over the other strains. This finding is consistent with a previous genotypic diversity study from Malaysia in 2014. [24] Almost similar trends can also be seen in other neighboring countries around Malaysiacentersuch as Indonesia, Singapore, Thailand, Philippines, and Cambodia where genetic diversities of the MTBC are being driven by the EAI and Beijing lineages. [26] [27] [28] [29] [30] There was no specific pattern of preference in terms of state, gender, race, and age groups, implying that most patients are randomly infected by any of the M. tuberculosis strains.
Phylogenetic analysis using the spoligotype data was also performed in this study. In the analysis, the 24 spoligotyped MTBC isolates were matched against 85 reference genomes of Mycobacterium spp. to construct a phylogenetic tree, as shown in Figure 1 . In the figure, the 24 MTBC isolates were distributed into five groups as implied by their lineages. Interestingly, R7 and R20 isolates were found to have unexpected phylogenetic properties. The former, while grouped into the clade of Beijing lineage, was positioned on a branch that was completely separated from the rest of M. tuberculosis strains within the same node. From the length of the branch which houses the R7, it seemed like its evolutionary pathway has undergone less genetic mutations compared to the other isolates that reside on the same node of the phylogenetic tree. As for R20 isolate, phylogenetically, it resembled Mycobacterium canettii and Mycobacterium microti. Both are members of the MTBC which can cause TB in humans even though the cases are rare. M. microti infection is more common among voles and other mammals rather than humans. As for M. canettii or also known as "smooth tuberculosis bacilli," its natural reservoir and route of transmission are still unknown. However, TB caused by M. canettii infections were peculiarly linked to patients with reported contacts to the Horn of Africa. [31] Having such unique spoligotype may suggest that both R7 and R20 isolates are novel strains of M. tuberculosis, but additional analysis needs to be done to support the inference.
Another goal of this study was also to investigate the diversity of the drug-resistance patterns among the local MTBC isolates. Overall, 58.33% of the isolates (14/24) were found to be at least resistant to RIF. Moreover, 12 of the 14 isolates were MDR-Mtb and one of them was a poly-resistant strain. Overall, the MTBC isolates in this study showed resistant phenotypes toward seven of the ten tested drugs, in which the remaining three drugs were injectable aminoglycosides. The current study employed two approaches in detecting drug-resistance patterns among the MTBC isolates -the phenotypic DST and NGS-based DST. Taking that into consideration, a discrepancy of DST profiles between the two approaches was expected, where 11 were found in the DST testing using EMB and 4 in that of PZA. For DST using EMB, phenotypic DST reported that six MTBC isolates were EMB resistant, whereas NGS-based DST predicted that seven of the MTBC isolates were EMB resistant due to mutations that were associated with EMB resistance. To date, the performance of phenotypic DST for EMB is still plagued with unreliability issues. [32, 33] This is due to the characteristics of the drug which include bacteriostatic, reduced activity in in vitro testing, and minimum inhibitory concentration range which can barely differentiate between the susceptible and resistant isolates of M. tuberculosis. [32] It is also worth mentioning that like EMB, phenotypic DST for PZA is also a very challenging task. PZA is a prodrug which requires low pH to be activated, but a low pH condition is still difficult to control in in vitro testing [33] which may lead to false-negative result. Next, four discrepancies in PZA DST were contributed by the inability of NGS-based DST to detect mutations that conferred PZA resistant as observed in phenotypic DST. The R10, R15, R21, and R23 were phenotypically resistant to PZA, but no PZA-resistant-conferring mutations were detected in NGS-based DST. In M. tuberculosis, it is well known that mutations in pncA gene conferred resistant toward PZA. However, a clear hotspot region is yet to be identified where resistant-conferring mutation spread along the entire gene including the promoter region. [33] Therefore, it is possible that the library of resistant-conferring mutations used in TB Profiler and PhyRes software did not include the mutations that cause PZA-resistant in R10, R15, R21, and R23 isolates which lead to the discrepancies. The same explanation also goes to the discrepancies found in RIF, STM, and INH-DST results as both were caused by the inability of NGS-based DST to detect mutations that conferred resistant toward the drugs.
The sequencing of M. tuberculosis genomes allows genes that are significantly linked to drug resistance to be identified. However, the aspect of interaction between genes was often not taken into consideration when investigating the genetic factor of drug resistance among M. tuberculosis. In fact, there are evidence of the emergence of transmissible drug-resistant M. tuberculosis which resulted from multitude of additional mutations that interact between each other. [34] Consistent with the finding of the current study, one of the genes that may interact with genes associated with resistance to anti-TB drugs such as INH and RIF are the pe and ppe genes. In this study, eight pe and four ppe genes that contain mutations were common in all drug-resistant MTBC isolates where mutations in PE-PGRS 30, PPE 34, and PPE 56 genes were not previously reported. In the genetics of mycobacteriology, pe and ppe genes were found mostly in slow-growing pathogenic mycobacteria which were thought to influence the function and immunopathogenicity of M. tuberculosis. [35] Even though the two gene families were more linked to the bacterial pathogenesis than drug resistance, certain mutations in ppe genes were found to be in paired with mutations in genes that involved in anti-TB drug activities such as katG, rpoB, embA and embB genes in a study involving the genomes of 208 drug-resistant M. tuberculosis. [34] Thus, mutations in ppe genes may also relate to drug resistance in M. tuberculosis. In this study, as all drug-resistant M. tuberculosis isolates were at least resistant to RIF, and since the rpoB mutation was detected, the rpoB-PPE34, rpoB-PPE54, rpoB-PPE56, and rpoB-PPE66 gene pairs could play possible roles in the resistance toward RIF.
conclusIons
This study reports the diversity of MTBC lineages and mutations found within the genomes of 24 clinical MTBC isolates with varying drug-resistance profiles. The study was the first of its kind in Malaysia that provided high-throughput analysis on multiple strains of MTBC at rapid pace thanks to the application of WGS. Thus, WGS is an indispensable tool for future epidemiological and drug-resistance study on MTBC. Especially in Malaysia where TB is still a major problem, the need for a high-throughput investigation approach is crucial to gain insights into the mechanistic and epidemiologic aspects of TB.
